Allosteric regulation provides highly specific ligand recognition and signaling by transmembrane protein receptors. Unlike functions of protein molecular machines that rely on large-scale conformational transitions, signal transduction in receptors appears to be mediated by more subtle structural motions that are difficult to identify. We describe a theoretical model for allosteric regulation in receptors that addresses a fundamental riddle of signaling: What are the structural origins of the receptor agonism (specific signaling response to ligand binding)? The model suggests that different signaling pathways in bovine rhodopsin or human β 2 -adrenergic receptor can be mediated by specific structural motions in the receptors. We discuss implications for understanding the receptor agonism, particularly the recently observed "biased agonism" (selected activation of specific signaling pathways), and for developing rational structure-based drug-design strategies.
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A llostery [Greek for "other site" (1, 2)] indicates a mechanism in which a stimulus acting at a regulatory protein site (often called the orthosteric site or the effector site) causes a response at a spatially distant functional site (the allosteric site) (3). Allosteric regulatory mechanisms (i.e., regulation of protein functions by binding an effector molecule at an allosteric site) are ubiquitous throughout biology; they control vital biomolecular and cellular functions, including enzymatic catalysis and biosynthesis, molecular recognition and response to messengers, cell signaling, energy transduction, cell division and cancer, and many others (4) (5) (6) (7) . Signaling is perhaps the most fascinating and significant set of processes in which allosteric communication plays a central role (8, 9) ; biochemical signaling pathways lie at the core of most biological processes in cells, most notably signaling responses to binding endogenous ligands and drugs (10) (11) (12) . Therefore, an understanding of allosteric signal transduction mechanisms in protein receptors is critical for describing cell regulation.
The investigation of allosteric regulatory mechanisms in signaling is difficult because of the complexity of receptor structure, the presence of thermal fluctuations, the range of relevant time scales, and, often, the subtlety of the underlying structural changes (13) (14) (15) . Although experimental techniques such as FRET (16) , time-resolved X-ray crystallography (17) , time-resolved spectroscopy (18), cryo-EM (19) , and biochemical methods (20, 21) provide valuable insights into specific aspects of allosteric interactions, a comprehensive atomic-level description of the connection between receptor structure and signaling is still beyond reach. As such, advanced computational methods could be instrumental for revealing the structural origins of allosteric regulation in signal transduction.
Computational approaches have been used recently in attempts to explore signal transduction in receptors. Although all-atom molecular dynamics (MD) simulations of various membrane proteins revealed nanosecond-long structural motions (22) (23) (24) (25) (26) (27) , it is unclear how exactly these motions relate to signal transduction. Normal mode analysis (NMA) based on coarse-grained (CG) protein models successfully described allostery in a variety of molecular machines that exhibit large-scale conformational transitions (28) (29) (30) (31) (32) (33) (34) (35) , but these methods are less suited for studying subtle structural changes that mediate signaling (13) (14) (15) . Although bioinformatics methods based on the analysis of conserved amino acids in the receptor sequence (36) (37) (38) identify some allosteric sites, these methods do not provide a direct mechanistic link between structure and allostery. Therefore, developing a theoretical description of allosteric regulation in signaling ultimately requires new strategies.
We describe a model for allosteric regulation in protein receptors that addresses a key puzzle of signal transduction: the structural origins of the receptor agonism, i.e., the specific signaling response to ligand binding. How can minor differences in ligand structure translate into major differences in receptor response? Can a single receptor relay multiple signaling pathways, and if so, how are different signals "encoded"? Can ligand binding selectively activate one signaling pathway and suppress another, and how could such ligands be identified (or designed) for a specific receptor? To address these questions, we explore allosteric interactions between different protein sites in bovine rhodopsin (39, 40) and human β 2 -adrenoreceptor (B2AR) (41, 42) , 2 members of the G-protein coupled receptor (GPCR) superfamily that comprises over 50% of the marketed drug targets (43) . Our analysis suggests that different signaling pathways can be mediated by specific structural motions within the receptor, which may be triggered by the binding of different ligands. Although investigating specific signaling responses will require modeling on the atomic scale, structural origins of the receptor agonism can be inferred at the CG level.
Model
Our model is largely motivated by the recent approach developed by Zheng, Brooks and Thirumalai (32, 33) and by Ming and Wall (34) , who used first-order perturbation theory combined with NMA to study the coupling between ligand binding and collective protein motions. We extend this approach to describe the allosteric coupling between specific protein sites. We model the primary signaling event (such as ligand binding or photoexcitation) and the response (a structural change at the distant allosteric site) as local structural perturbations that are coupled by collective structural motions in the receptor. These motions are described by protein normal modes, assuming that signal transduction in receptors is mediated by relatively small structural motions around equilibrium (13) (14) (15) . Fig. 1 explains the connection between thermal motion along a normal mode k and the corresponding structural distortion in the environment of the CG atom m (characterized by a region S m , hereafter taken as a sphere of radius R s centered at the CG atom m). The motion of atoms within S m in the original CG structure (blue) along normal mode k by the mode unit vector (solid arrows) generates a new structure (magenta), resulting in a structural perturbation within S m as well as a translation and rotation of S m as a whole. To characterize the structural perturbation alone, the translation and rotation effects are removed by root mean square aligning the region S m in the new structure to the same region in the original structure (dashed arrows) (44) . The mean square deviation between the CG atoms within S m in the aligned structure (red) and the original structure quantifies the local structural perturbation within S m as follows:
where r i are Cartesian coordinates of CG atom i in the original structure, r
are the coordinates of CG atom i in the aligned structure, and N m is the number of CG atoms within S m . Notably, χ k m is a purely geometric characteristic of the CG structure, and it does not depend on temperature or the NMA potential spring constant. Although its magnitude depends on the size of S m , the model predictions were found to be robust to variations of R s from 7 to 11 Å (at larger R s values, the model no longer resolves individual amino acids). Similar definitions of χ k m , e.g., those based on a local coordinate system instead of the structural alignment, are also possible.
The allosteric coupling between local structural perturbations within regions S m and S n mediated by a single normal mode k is then defined as
where γ is the NMA spring constant (45) , and λ k is the eigenvalue of the kth normal mode. The prefactor in Eq. 2 describes the mean square magnitude of thermal fluctuations along the kth normal mode (see Eqs. 6 and 7 in the Appendix). Finally, assuming that structural perturbations arising from different normal modes are independent, we obtain the net allosteric coupling between regions S m and S n by adding all normal mode contributions:
Importantly, the definition of the allosteric coupling matrix I is formally similar to the definition of the covariance matrix C (Eq. 7 in the Appendix). This similarity indicates that either quantity describes a connection between 2 distant localized events (atomic motion for C, structural distortion for I) that is mediated by collective protein motions described by normal modes.
Similar forms of coupling between a local structural perturbation and a collective protein motion have been recently used to describe allosteric effects in biomolecular machines (see, e.g., ref. (31) used local structural distortion to characterize mechanical strain arising from conformational transitions in the enzyme adenylate kinase and the molecular motor kinesin. Their analysis suggested that local protein unfolding ("cracking") in regions where elastic stress becomes sufficiently high may lower the transition free-energy barrier and thereby facilitate the transition (28-31). Zheng et al. investigated structural motions in several molecular machines including the chaperonin GroEL (32) and the enzyme hepatitis C virus NS3 helicase (33) . They identified functionally important protein sites by modeling effects of point mutations as local perturbations of the NMA spring constants at each site (one at a time) and analyzing the influence of these perturbations on protein normal modes (32, 33) . Chennubhotla et al. (35) combined NMA with probabilistic modeling of interactions among amino acids in GroEL. The success of these and similar studies depends largely on the fact that function of the molecular machines is coupled to wellcharacterized large-scale conformational transitions that are often dominated by one or a few normal modes (46) .
Functional motions in protein receptors are, however, essentially different from those in molecular machines. Receptors do not exhibit well-manifested large-scale transitions between distinct conformations; instead, they undergo small-scale motions among multiple metastable states that are hard to characterize experimentally (13) (14) (15) . The magnitude of these motions is comparable with that of thermal fluctuations, making it difficult to detect signal transduction events in the "sea" of thermal noise (13) (14) (15) . As such, conventional NMA methods that rely on wellmanifested transitions are not well suited for studying protein receptors. Conversely, our model, defined by Eqs. 1-3, does not depend on specific transitions, and it is capable of identifying allosteric sites and functional motions in receptors, as described below. Fig. 2 . The covariance matrices calculated by using Eq. 8 in the Appendix for rhodopsin ( Fig. 2A) and B2AR (Fig. 2B) are similar, suggesting that they reflect the common 7-transmembrane helix (TMH) fold, rather than distinguishing features of the individual structures. Although the maps show the nearest neighbor and higher-order interactions among the TMHs, the orthosteric site (ligand environment) and the main allosteric site [the G-protein binding site located at the E(D)RY motif (40)] are not identified. Neither does conventional NMA identify what normal modes are most relevant for signal transduction. These results clearly indicate that NMA alone can not properly describe allosteric interactions in protein receptors.
Results
The allosteric coupling maps calculated by using Eq. 3 for rhodopsin (Fig. 2C) and B2AR (Fig. 2D) exhibit distinct peaks. The diagonal elements of I are strongly correlated with those of C: The correlation coefficient is 0.85 for rhodopsin and 0.90 for B2AR. This correlation indicates that both metrics provide similar (although not identical) measures of local protein flexibility at each amino acid. The strongest off-diagonal peaks of I form distinct grid-like patterns with the rows and columns indicating protein allosteric sites. Most of these sites are involved in multiple allosteric interactions; these sites are marked with arrows in Fig. 2 . In both receptors, the allosteric maps identify the orthosteric site as well as the main allosteric site (40) . Notably, the identified allosteric sites in the 2 receptors are similar, albeit not identical, indicating that the allosteric coupling I reflects the common overall fold as well as the structural differences between the receptors. Allosteric Sites. The allosteric sites predicted from our model, from bioinformatics analysis of conserved residues (36, 38) , and obtained in experiments (21) are shown in Fig. 2 E and F. In rhodopsin (Fig. 2E) , our model identifies residues 113-115, 182-184, and 299-301 (located in the immediate environment of the retinal cofactor), residues 135-137, which nearly coincide with the ERY motif [residues 134-136 (40)], and residues 66-68, 225-227, 143-147, 235-245, and 312-323 (the eighth α-helix), which are also known to participate in G-protein binding (40) . Our model also suggests that loop residues 278-283 at the periplasmic side may be involved in allosteric regulation by influencing ligand binding (47, 48) .
The results of the allosteric coupling analysis described here are consistent with experimental data (21) . The allosteric map indicates the importance of the interactions of TMH3, TMH5, and TMH7 with the retinal cofactor and identifies most of the residues previously implicated in G-protein binding. The more rigid protein core residues are not identified in the allosteric maps at this level of coarse-graining, indicating that multiscale modeling may be needed to identify those residues. The theoretically identified allosteric sites are also consistent with the sequence-based analysis of Ranganathan et al. (36) [residues 113, 293-295, 299, and 302 (301 in our analysis)] and with the topology-based analysis of Nussinov et al. (38) (residues 67, 301, and 312). Although the predictions of the different models are not identical, they are consistent and successful in capturing the key allosteric sites, including the ligand environment and the G-protein binding site.
In B2AR (Fig. 2F) , our model identifies residues 196-200 and 295-305 which are located near residues 203, 204, 207, 293, 308, and 312, which in turn are known to be involved in ligand binding (41, 42, 49) . Residues 136-140 are in close spatial proximity to the DRY motif (residues 130-132), and residues 226-230 are located near the assumed β-arrestin binding site (40) . Interestingly, the allosteric coupling map also identifies residues 62-66, 148-152, and 335-340, which are located near residues 70, 147-151, 154, 158, and 341 which may be involved in cholesterol binding (49) . Residues 95-99 and 178-183, which form solvated loops, may interact with allosteric modulators. Indeed, the significance of the extracellular loop conformations for the receptor function has been observed in experiments (13, 43) , and simulations showed that loop motions may occur on time scales much slower than submicroseconds (27) .
Our model suggests that, in both rhodopsin and B2AR, the protein N-and C-termini may be involved in multiple allosteric interactions. This suggestion needs to be examined further, because the higher flexibility of the protein termini [the "tip effect" (50)] might influence the allosteric analysis to some extent. Experiments indicate that the protein termini may indeed engage in interactions with signaling and scaffold proteins (42) or lipids (49) . As such, the role of the protein termini in signal transduction requires additional investigation.
Allosteric Interactions. Mapping the strongest allosteric couplings onto the structures of rhodopsin and B2AR yields the allosteric interaction networks shown in Fig. 3 . The 2 networks are similar on the cytoplasmic side, indicating similar mechanisms of activating the G-protein in the 2 receptors. On the periplasmic side, however, the networks are different, in part because of the different solvated loop conformations in the 2 receptors that reflect the different activation mechanisms: photoexcitation of retinal in rhodopsin vs. agonist binding-induced activation in B2AR.
What kinds of structural motion underlie the strongest allosteric interactions? To address this question, we examined the contributions of each normal mode to the allosteric couplings between different receptor sites (Eq. 3). Fig. 4 shows the normal mode "spectra" for a strong allosteric interaction R29-P138 and a randomly chosen weak interaction G162-L230 in B2AR. Remarkably, >50% of the allosteric coupling R29-P138 is provided by 1 normal mode (number 26). Other strong allosteric interactions are also dominated by 1 or, less often, 2 normal modes. In contrast, the weak interaction G162-L230, as well as other nonfunctional interactions, is influenced by a large number of normal modes. 3 shows that, in both receptors, the allosteric network is dominated by only a few normal modes, and interactions between different receptor sites are mediated by different modes. In particular, the coupling to the β-arrestin binding site in B2AR is dominated by normal mode 25, and the coupling to the G-protein binding site (the DRY motif) is dominated by normal mode 26. The structural motions associated with these modes are heavily localized at the allosteric sites, and the rest of the receptor (particularly the more rigid receptor core) exhibits small-scale motion (see Movies S1 and S2).
It is truly intriguing that only the allosteric couplings between protein functional sites are strong and dominated by one or a few normal modes, whereas couplings between non-functional sites are weak and mediated by a large number of modes. This fact indicates that positions of allosteric sites in receptors, as well as structural motions that couple these sites, are defined by the receptor structure and can be identified with our analysis. Although many other normal modes exhibit similar types of motion, only 3) for a strong allosteric interaction between the extracellular side and the G-protein binding site (R29−P138, red) and a randomly picked weak nonfunctional interaction (G162 − L230, blue) in human B2AR. More than 50% of the allosteric interaction strength is provided by normal mode 26 alone. In contrast, the weak nonallosteric interaction is influenced by a large number of normal modes. a few are important for allostery (see Movies S1-S4). Although allostery dominated by a few normal modes has been observed in protein molecular machines that undergo well-manifested largescale motions (46) , it is surprising that the same occurs in signaling receptors that do not exhibit such motions.
Discussion
Our model provides a framework for understanding the structural origins of receptor agonism. In a simplified view, a ligand binding event triggers a ligand-specific structural change at the receptor orthosteric site. How does this local structural change translate into signaling responses at the remote allosteric sites, and if it does not, why not? The answer depends on whether this structural change facilitates any of the structural motions that mediate signal transduction to the allosteric sites. As shown, in the Results section, our model identifies these motions, and the couplings between these motions and the ligand-induced structural change can be calculated by using Eqs. 1-2. If none of these couplings is significant, the structural perturbation triggered by ligand binding will not be relayed to any of the receptor allosteric sites, and no signaling response will follows (antagonist ligand). If one or more of these couplings are sufficiently large, ligand binding will cause structural changes at the corresponding allosteric sites that can either activate the associated signaling pathways (agonist ligand) or suppress them (inverse agonist ligand). The specific response will then depend on atomic-scale details of the structural changes at the allosteric sites (that can be identified by using, e.g., all-atom MD simulations). If the receptor mediates 2 or more signaling pathways, ligand binding could activate one pathway but suppress another. Indeed, selected activation of the "G protein-mediated" pathway or the "β-arrestin-mediated" pathway in B2AR (termed "biased agonism" or "functional selectivity") has been recently discovered in experiments (47, 48) .
Understanding the signal transduction mechanisms revealed by our model may facilitate computational structure-based drug design for protein receptors. After the collective structural motions that dominate allosteric communications in the receptor are identified, further analysis can focus on the couplings between these motions and the ligand-induced structural changes at the receptor orthosteric site. The goal then will be to identify (or to design) ligands that maximize the couplings to specific structural motions and minimize the couplings to the other motions. Although that analysis needs to be performed at the atomic level, it may be limited to the orthosteric site environment, which is much smaller than the entire receptor and has much shorter relaxation times. As such, the proposed strategy could facilitate the design of receptor-targeting drugs with higher selectivity and reduced side effects (51) (52) (53) . Although a comprehensive atomic-scale theory of the receptor signaling response lies ahead, our results indicate that key features of the allosteric regulation mechanisms in receptors are revealed at a CG level.
Appendix: Normal Mode Analysis
The NMA was performed by using an anisotropic elastic network model (45, 54, 55) . The protein CG models were based on the crystallographic structures of rhodopsin [PDB code 1U19 (39) ] and B2AR [PDB code 2RH1 (41, 42) ], coarse-grained to C α atoms. Calculations were performed by using several CG models of retinal (rhodopsin) and carazolol (B2AR) ligands that included from 1 to 7 CG atoms. The contact matrix included N ×N blocks of 3×3 elements, where N is the number of the CG atoms in the model. The stepwise distance dependence of the spring constant used in ref. 45 was replaced with a smooth sigmoidal distance dependence, improving the robustness of the NMA eigenvectors to the protein conformation. The off-diagonal contact matrix elements were where indices i and j indicate the interacting CG atoms, s ij is the vector that begins at CG atom i and ends at CG atom j, indices α and β indicate coordinate axes x, y, or z, e α is a unit vector on axis α (α = x, y, z), R c is the cutoff distance, and q is the width of the sigmoid transition. The diagonal elements of the contact matrix were defined as (45) :
[5]
The cutoff distance R c was set to 11 Å, and the transition width q was set to 2 Å. Simulations with the cutoff distance varying from 7-20 Å and different transition widths confirmed that the chosen values of R c and q are well in the range of the model's robustness. The covariance matrix that describes the correlation of atomic fluctuations is (45) :
where γ is the spring constant (45) . Since the first 6 eigenvalues of the contact matrix are zero (they correspond to translations and rotations of the molecule as a whole), C was computed by using pseudoinversion of (45):
where u k is the kth eigenvector of , and the summation over k starts with the seventh normal mode. In our analysis, γ was chosen such that the average B-factor (which is proportional to the diagonal elements of C) is equal to the average B-factor for the C α atoms obtained from the crystallographic data. For clarity, visualizations of correlations in protein motion (Fig. 2) are based on the normalized covariance matrix
